The microstructure in the as received condition and after long-term creep exposure (up to about 57000 h at 600 and 650 C of the martensitic 9-12% chromium steels (P92, P91, E911, CB6) developed for advanced ultra supercritical coal-fired power plants has been investigated. Using analytical TEM statistical quantitative analyses were undertaken to determine the micro-and nanoscale structure parameters (dislocation density within the subgrains, the width of the martensite laths/subgrains and the particles parameters). Results of the TEM analyses reveal significant influence of a microstructure after initial heat treatment on the creep strength.
Introduction
Martensitic 9-12% chromium steels were developed for advanced coal-fired power station which can operate reliably at high temperatures and pressures. The increase in the thermal efficiency of fossil fuel-fired steam power plants that can be achieved by increasing the steam temperature above 600 C and pressure about 30 MPa has provided the incentive for the development of the 9% chromium steels towards improved creep rupture strength. During the last twenty years, three such steels, P91 (9Cr-1Mo-V-Nb), E911 (9Cr-1Mo-1W-V-Nb) and P92 (9Cr-0.5Mo-1.8W-V-Nb), have been developed to commercial production. Creep deformation of the martensitic steels during service exposure at high temperature is controlled by recovery and softening process of the tempered martensite and strongly depends on the micro-and nanostructure and its change with exposure time, [1] [2] [3] [4] [5] [6] [7] especially: dislocation substructure, phases precipitated inside and on the subgrains, stress fields in nanoscale. In the present study, the influence of initial heat treatment on different microstructure parameters and their evolution during creep exposure were analyzed.
Experimental
Quantitative microstructural analyses of P91, E911 and CB6 steels have been performed for as received condition and after creep deformation. Their chemical composition are given in Table 1 . Quantitative microstructural analyses have been carried out after different normalization and tempering treatments. Specimens of the P92 steel were normalized for 2 h at 970 to 1145 C followed by tempering for 2 h at 715, 775 and 835 C. The creep test at 635 C and the stress of 120 MPa reveals essential impact of the microstructure in initial state on the minimal creep rate. Long-term creep tests of the P92 (up to 57000 h in the temperature of 600 C and 650 C) caused changes in its microstructure.
2,4)
The microstructure of the selected specimens was examined using transmission electron microscopy (TEM) of thin foils and extraction double replicas. The microstructure elements, which favorably affects the increase creep strength, was analyzed.
Microstructural Characterization

As received condition
In 9% Cr steels normalization produced a martensitic structure with a high dislocation density within the martensite laths. The investigation of the effect of the normalization conditions on the P92 microstructure showed that with increasing normalization temperature the prior austenite grain size increased from 11 mm to 65 mm and mean width lath of martensite increased from 0.28 to 0.51 mm. The dislocation density within lath is very high (4:1 Â 10 15 m À2 ). During subsequent tempering, the recovery process caused a reduction in the dislocation and new subgrain are formed (Fig. 1) . The results of quantitative measurements of the microstructural parameters are given in Table 2 .
The dislocation density within the subgrains varied from 6:0 Â 10 14 m À2 to 2:3 Â 10 14 m À2 as the tempering temperature increases from 715-835 C, the subgrain width increased from 0.37 to 0.50 mm. Simmultaneously, intensive precipitation of carbides and carbonitrides took place. The mean diameter of the M 23 C 6 which precipitated on prior austenite and sub grain boundaries increased slightly from 72 to 89 nm with increasing the tempering temperature. The MX (where, M ¼ Nb or V and X ¼ C and/or N) fine precipitates that belong to nanometer elements of the structure increase from 14 to 16 nm in diameter with tempering temperature. Table 1 Chemical composition of the investigated steels (mass%). These precipitates are important for the mechanical properties because they pin free dislocations in a matrix leading to increasing creep strength of these steels. In P92 steel three type of the MX particles morphology were observed: spheroidal Nb-rich carbonitrides and plate-like V-rich nitrides. The ''larger'', spheroidal particles of NbX appear to have remained undissolved during normalization and during tempering acts as nucleation sites for plate-like nitrides, thus forming the V-wing complexes (Fig. 2) . The results of the microstructure parameters measurements of the P92 steel were correlated with its rupture properties. Creep test at 635 C and stress of 120 MPa reveal much lower minimal creep rate for specimens tempered at 775 C than for 835 C (Fig. 3 ). Qualitative TEM investigations showed similar microstructures of tempered martensite for all four steels examined. Measurements of the average subgrain width (w) and the dislocation density within the subgrains are presented in Table 3 . It can be seen that w is fairly similar in all steels investigated. The small differences in w are connected with different prior austenite grain size. Dislocation densities in P91 and P92 and CB6 steels are similar, and are higher than in E911 steel. The largest M 23 C 6 and MX are observed in E911 steel. Figure 4 shows the minimum creep rate of P91, P92 and E911 steels at 600 and 650 C plotted against the applied stress. In low stress region (dislocation creep), the differences between the steels become more pronounced. The smallest secondary creep rate was observed in P92 steel.
Microstructure after long term creep
The degree of change in a microstructure is dependent of duration and temperature of creep deformation. During creep deformation dislocation density inside the subgrains decreases. Subgrains are generated by stress state. It does not cover the subgrains generated during tempering. The results of quantitative measurements of dislocation density, subgrain width and mean diameter of M 23 C 6 carbides are shown on Fig. 5 and 6 . These results showed that in the first 3000 h of exposure there was a rapid reduction in the dislocation density and increase of the subgrain width. During creep, the carbides coarsen with time while MX precipitates reveal high stability (mean diameter is 32 nm for 57000 h at 600 C). It should be noted that an applied stress accelerated the coarsening process. The intermetallic Laves phase (Fe, Cr) 2 (Mo,W) was precipitated after long time exposition about (3000 h at 600 C and 1000 h at 650 C) (Fig. 7) . Typical composition of the Laves phase in P92 (specimen 9755 h at 600 C) it was 48.7 Fe, 17.7 Cr, 28.5 W, 3.7 Mo and 1.3 V (at%). These precipitates coagulated very fast but besides large precipitates, three different types of morphology intermetallic phases were observed ( Fig. 8(a), (b), (c) ). It seems that the intermetallic phases, which precipitated after long time creep exposure, are still metastable. 8) Similar effect of the stress, temperature and time on microstructural change was observed also for the P91 and E911 steels. The results of quantitative measurements of dislocation density, subgrain width of P91, P92 and E911 shown in Table 4 .
Extraction replicas were used for statistical measurement of M 23 C 6 carbides size in P91, P92 and E911 steels after creep deformation at 600 C (Fig. 9 ). In the case where particle coarsening is dominated by volume diffusion of solution in the matrix, the particle can be described by equation:
where: d t is the precipitate size at time t, d 0 is the precipitate size at t ¼ 0 and K d is a temperature dependent rate constant. For temperature 600 C smallest coarsening rate constant were obtained for P92 steel (2:09 10 À29 m 3 s À1 for 145 MPa). The coarsening of M 23 C 6 carbides is faster in E911 and P91 steels. 2) Heat resistant martensitic steels are important class of materials where interactions between subgrains boundaries and carbides is a relevant mechanism influencing the creep strength. Both the particles and subgrains evolved as the strain increases during creep. Mayor of carbides (70%) is situated on subgrain boundaries in the received condition but if time of creep exposure increased, only 55% of carbides are located directly on subgrains (Fig. 10) . It means that Characterisation of structure of new 9-12%Cr steels for USC steam power plants 933
stabilization effect of carbides on microstructure of the investigated steels decreased with time, but still is large enough.
Summary
The martensitic steels for advanced USC steam power plants have reveal relatively high stability during creep deformation although at delivery they exhibit tempered martensite microstructure different from the thermodynamic equilibrium. For a given composition, a distinct relationship between microstructure parameters of the as received steels and their later behaviors during creep tests. Low response to creep of the martensitic steel is attributed to small stable subgrain has been established and to presence of dispersed phases which pin dislocations. Mobility low-angle subgrain boundaries formed after tempering and during creep deformation is significantly lower than this of high angle boundaries. 1, 6, 9) The evolution of the micro/nanostructure during creep decreases the number of obstacles for dislocation movement, therefore creep resistance is decreasing.
The distribution of fine, nanoparticles of MX carbonitrides and nitrides as well as M 23 C 6 carbides affected also behavior of a dislocation substructure during creep. Formation of Laves phase is detrimental because it removes the solid solution strengthening elements (W and Mo) from the matrix to form particles, which are so large that a strengthening by acting as effective barriers to dislocation motion cannot be expected. However, the presence of the phase at the subgrain and prior austenite grain boundaries may stabilize these boundaries and prevent grain boundary sliding. However, lamellar and mosaic-shaped particles of Laves are much smaller (20-50 nm) then previously described and they may contribute to precipitation hardening of the investigated steels.
The creep strength of the examined steels increased for steels with W addition. The recovery of the martensite and associated decrease in dislocation density appeared to be slowed by the addition of W. Also M 23 C 6 coarsening rates is decreased in the steels with tungsten.
The low response to creep of the martensitic steels is attributed to small stable subgrains due to immobile low- 
